Abstract-Underground mines are challenging environments for off-body wireless communication, since the signal propagation is majorly affected by small scale and large scale fading. The use of multiple antennas at the transmitter and the receiver sides is a known technique to combat fading and enhance capacity. In this paper, the channel parameters of a 2 × 2 Multiple-Input MultipleOutput (MIMO) off-body system are investigated in an underground gold mine and compared to the Single-Input Single-Output (SISO) system parameters. Measurement campaigns were conducted using monopole antennas at a center frequency of 2.45 GHz for both Line Of Sight (LOS) and None Line of Sight (NLOS) scenarios. The measured frequency responses are converted into impulse responses through an Inverse Fourier Transform (IFT). The results show that for a constant transmitted power, the path loss exponents at NLOS are smaller than their counterpart values at LOS. The channel capacity values decrease as the propagation distance increases and when the link is obstructed at NLOS. The RMS delay spread is generally increasing with distance for both LOS and NLOS situations. When a fixed Signal-to-Noise Ratio (SNR) is assumed, MIMO topologies improved the SISO capacity by roughly 8 bps/Hz. The channel characterization results demonstrate that the MIMO configurations provided a remarkable improvement in terms of capacity, coherence bandwidth, and time delay spread compared to the SISO topologies.
INTRODUCTION
In recent years, the research community has focused much attention on underground wireless communication. It has been established that underground environments are challenging for wireless communication because of the high path loss and dynamic channel condition [1, 2] . Furthermore, many research studies were directed towards the implementation of wireless communication systems in underground mines aiming to increase the safety of the miners [3] . In fact, underground mines are known to be environments into which many fatal events may occur. During these accidents, hazardous conditions could rise, including toxicants such as carbon monoxide (CO), flammable gases such as methane (CH4), fires, and insufficient oxygen concentration [3] . Hence, advanced and appropriate technologies that improve the underground general safety need to be developed, especially those related to the sensing process and monitoring.
Lately, wireless sensors are finding increasingly important applications in health care, military, firefighting, sports, police and security agencies, and entertainment [4] [5] [6] . Many of these envisioned applications involve body-worn sensors, resulting in the so-called wireless body area networks (WBAN) [7] . WBAN refers to the wireless communication technology encompassing the propagation at the On-body, Off-body, and In-body channels [8, 9] . In the On-body channel, the transmitter and receiver are on the human body surface; whereas in the in-body channel the transmitter is within the body [9] . In the Off-body channel, which is the topic of this paper, the transmitter is located on the body, whilst the receiver is in the vicinity of the body. In this area, the WBAN technology could be implemented to display the toxic gases' levels to the miners or to deliver information to the command station, in a timely manner. This allows a fast detection of potential problems and hence eases the decision making, improving the miners' safety and health. However, in a mine environment, the reliability of the wireless link is affected by short-term and long-term fading caused mainly by multipath communication and shadowing [9] . Moreover, the human body has a high dielectric constant with a high loss tangent and low conductivity at the microwave frequency band [9] . Consequently, the gain and radiation efficiency of the antenna can be deteriorated when it is operated on the human body [9] . Hence, to fully understand the propagation mechanism on and around the body, it is essential to characterize the WBAN channel through the determination of its parameters, such as the path loss, impulse response, RMS delay spread, and coherence bandwidth.
In our previous works [8, 10] , the Off-body performance of a single input single-output (SISO) system in a mine gallery was evaluated. It was shown that the path loss values for the SISO channel are significant, with a path loss exponent higher than that of free space for LOS scenarios [8, 10] . The SISO capacity, which was determined to be between 6 and 10 bps/Hz, might not be good enough for a robust communication system. Consequently, to take advantage of the multipath richness of the mine environment, MIMO technique has been chosen as a mean to increase capacity and enhance the channel performance [11, 12] . In fact, MIMO systems were widely investigated in underground mines for conventional radio transmission [13, 14] .
In this paper, the performance of a MIMO Off-body channel inside a mine gallery is investigated and compared to the SISO technique. The characterization and capacity evaluation of the 2 × 2 MIMO Off-body channels are examined in underground environment at the 2.45 GHz band. Monopole antennas were used in the measurements' campaigns for LOS and NLOS scenarios. First, the channel impulse responses are evaluated for different locations of the access points relative to the body. The path loss is then determined and plotted for different distances between the transmitter and the receiver. The coherence bandwidth and RMS delay spread are derived and discussed. Additionally, the Shannon SISO capacity, which is defined as the maximum data rate transmittable over a channel with arbitrarily small error probability [15] , is calculated from measurements. For the 2 × 2 MIMO systems, the maximum theoretical capacity was determined assuming either a fixed SNR or a fixed transmitted power. When a variable SNR and a fixed transmitted power are assumed, the capacity results include both the effects related to the multipath richness as well as the path loss [16, 17] . On the other hand, when the effect of the path loss is isolated by fixing the SNR, the capacity results reflect the effect of the multipath richness of the environment [16] [17] [18] . Hence, this paper studies the effect of a strong LOS component and multipath propagation on the MIMO link capacity. Results on the SISO and MIMO capacities are detailed in references [18] [19] [20] [21] .
To the best of the authors' knowledge, no study of the MIMO Off-body channel characterization in underground mines has been reported yet in the literature. The rest of the paper is organized as follows: Section 2 describes the measurements' setup used to characterize the underground Off-body channel. Section 3 presents results from different measurement scenarios to determine and discuss several channel parameters. Finally, Section 4 discusses the conclusions and results derived from this study.
MEASUREMENT SETUP
The measurement campaign was conducted in the CANMET gold mine near Val d'Or in Canada as represented in Fig. 1 and Fig. 2 . The environment mainly consists of very rough and dusty walls, floor, and ceiling. The temperature is about 6 • C in a highly humid environment. There is mining machinery few meters away from the measurement setup; the ceiling includes many metal rods and is covered with metal screens.
In order to characterize the Off-body MIMO propagation channel in this mine gallery at the 2.45 GHz band, the transmitting antennas were placed at a fixed position in the middle of the mine pathway. The receiving antennas were placed on the right chest side of a 1.80 m, 75 kg male subject wearing a miner's outfit. A 2 × 2 MIMO monopole antenna set was used in the measurements. Both transmitting and receiving antennas are separated by a half wavelength distance (of approximately 6 cm). During the measurements, 6 data snapshots were collected in the frequency domain at each distance, from a distance of 1 m through 5 m away from the transmitter, as shown in Fig. 3 . The transmitting and receiving antennas were connected to the two ports of the previously calibrated vector network analyzer (VNA). At each snapshot, the transmission coefficient S 21 values were recorded for 6401 frequency samples around the center frequency of 2.45 GHz, as illustrated in Table 1 . The noise floor for the measurements was considered at −90 dBm [8, 10] . 
RESULTS AND DISCUSSION

MIMO Channel Model
The MIMO input-output relationship between m transmit and n receive antennas is described by the following equation [18] :
where X is the [m × 1] transmitted vector, Y the [n × 1] received vector, N the receive additive white Gaussian noise (AWGN) vector, and H the n × m channel matrix which for the case of the 2 × 2 MIMO considered channel is reduced to:
where h ij is the complex random variable that represents the complex sub-channel gain from the jth transmitting antenna to the ith receiving antenna. In our measurements, the values of the S 21 parameters correspond to the different h ij values.
Channel Impulse Response
An inverse Fourier transform was applied to the measured frequency-domain S 21 sets of values in order to obtain the sub-channels' impulse responses. Then, the MIMO channel impulse response is calculated as the arithmetic mean of all sub-channels' impulse responses, for each distance. Fig. 4 depicts the impulse responses for a transmitter-receiver (Tx-Rx) separation of 2 m. It can be seen that the LOS signal generally carries the highest power among the multipath received signals. Moreover, some multipath signals are added constructively and some other components are added destructively by the MIMO antenna set up. Hence, it is worth noting that some of these MIMO averaged multipath amplitudes are higher than their SISO counterparts, while other MIMO multipath' amplitudes are smaller. 
Path Loss
The path loss (PL) is defined as the ratio of the transmitted power to the local average of the received power [13] , and it is represented as follows:
where G x,y,f is the spatial sub-channel path gain at a given frequency sample and ξ the expectation operator over all receiving antennas, transmitting antennas, frequencies, and snapshots [13] . For the SISO system, the path loss was obtained by averaging the path gains over the different frequencies, samples, and snapshots [4] ; thus, as a special case of Eq. (3), it reduces it to the following expression [4] :
where PL(d(p)) denotes the path loss at a given position p (with Tx-Rx separation d(p)), and N s and N f are the total numbers of snapshots and frequency samples, respectively. H p j (n) stands for the measured S 21 parameter corresponding to the pth position, jth snapshot, and nth frequency sample [4] .
When expressed in terms of the Tx-Rx distance, the path loss can be modeled as [13] :
where PL(d 0 ) is the mean path loss at the reference distance d 0 , d the distance where the path loss is calculated, α the path loss exponent which is determined by using the least square linear regression analysis for instance, and X a zero mean Gaussian variable (in dB) representing the shadowing effect.
The path loss results obtained in the case of MIMO and SISO systems are plotted in Fig. 5 and From the above linear regression analysis, the path loss exponent α, for LOS configurations, is found to be close to the free-space path loss exponent (which is equal to 2). Table 2 shows that the path loss exponents for NLOS scenarios are smaller than those of the corresponding LOS situations; whereas, the PL values are larger in NLOS compared to LOS, due to the shadowing effect of the human obstacle. The signal is damped slower at NLOS configurations due to the constructive multipath power additions. This result is expected because the path loss exponents are typically low for Off-body links in NLOS cases as discussed in [22] [23] [24] . Moreover, the path loss results for NLOS scenarios present a more significant dispersion (up to 6 dB) than those of LOS scenarios. This phenomenon is due to the randomness of the creeping wave and multi-path propagation [22] [23] [24] .
Mostly, the effect of the human obstruction is less severe than the obstruction caused by the mining machinery seen in [13] and [25] , where the path loss exponent was increased at NLOS. 
RMS Delay Spread and Coherence Bandwidth
The RMS delay spread is a parametter that quantifies the time dispersive properties of a multipath channel; it was determined using the following expression [26] :
whereτ 2 andτ represent the second moment of the power delay profile (PDP) and the mean excess delay, respectively. This parameter is defined as follows [26] :
where p(t k ) denotes the power of the kth path and t k its corresponding delay. The parameter a 2 k is the overall time average of the squared magnitude of the channel impulse response. Herein, six measurements are averaged. On the other hand, the coherence bandwidth, which is the well-known statistical measure of the range of frequencies over which the channel can be considered flat, was calculated for a 50% correlation by adopting the following usual approximation [26] . Figure 7 and Fig. 8 represent the achieved RMS delay spread and coherence bandwidth vs. distance, for LOS and NLOS scenarios respectively. It is observed that the RMS delay spread increases whereas the coherence bandwidth decreases with the distance.
The MIMO topology results demonstrate an improvement in terms of RMS delay spread and coherence bandwidth compared to the previously published SISO results [8, 10] . At LOS, the MIMO RMS delay spread values vary from 7.40 ns to 16.6 ns and the coherence bandwidth span the values from 12.0 MHz to 27.1 MHz. The previously published SISO RMS delay spread values were between 14.7 ns and 66.2 ns, and the coherence bandwidths in the range of 3.00 to 13.6 MHz for the SISO topologies at LOS [10] . In the case of NLOS, the MIMO' RMS delay spread results in Fig. 8 , which span the values from 15.6 ns to 45.1 ns, are decreased and the coherence bandwidth is increased, compared to the SISO results reported in [10] . This could be explained by the observed decrease in the secondary multipath signals' powers compared to the first arriving multipath signal power, when using MIMO. On the other hand, the LOS component is significantly higher (relative to the multipath powers) in MIMO configurations, which explains the decrease in the RMS delay spread for MIMO compared to the SISO case. 
Channel Capacity for a Constant Transmitted Power
Channel ergodic capacities are plotted in Figs. 9 and 10 for the case of a constant transmitted power. The SISO channel capacity is calculated using the Shannon formula [19] :
where H is the normalized channel response and ρ the average signal to noise ratio (SNR). Similarly, channel capacity with MIMO configuration is computed using the following formula [18] :
where H is the normalized m × n channel response (m ≥ n), SNR av the average signal to noise ratio, and * represents the complex conjugate transpose. In our case, H matrix is normalized such that the average of the square of its Frobenius norm over all instances equals to the product of its dimensions ( H 2 F = nm) [18] . When a constant transmitted power is assumed, the channel capacity at a certain probability level decreases with distance; this result is illustrated in Figs. 11 and 12 . Figs. 9 and 10 emphasize the same result that the average capacity decreases with distance. In fact, the smaller distances correspond to the higher received average powers and hence higher average SNRs which have a direct impact on the capacity as given in Eqs. (9) and (10) . Moreover, it is clear from these figures that the use of MIMO configuration offers an improvement in capacity compared to the SISO case. This result is valid for both scenarios (LOS and NLOS). Furthermore, the LOS configurations exhibit higher capacities compared to the NLOS situation due to the stronger SNR at the receiver.
Channel Capacity for a Constant SNR
The channel capacities are recalculated using Eqs. (9) and (10) assuming a constant SNR to show the effect of the multipath richness on the capacity, while canceling the path-loss effect [18] . The H matrix is normalized such that at each realization, the square of its Frobenius norm is equal to the product of its dimensions ( H 2 F = nm) [27, 28] . In this case, a SNR value of 20 dB was assumed, which is more than enough to guaranty that the noise will not affect the analyzed results. In fact, the measurements exhibit much higher SNR values, making a SNR value of 20 dB a reasonable choice. The CDF graphs of the MIMO capacity at LOS in Fig. 13 show that for probability levels smaller than 80%, the 1 m and the 5 m capacities are higher than the other capacities. This is due to the fact that, at the LOS case, the multipath' components are more important for these distances. On the one hand, the reflected signals' powers are more significant when the distance is small. On the other hand, the number of multipath components is increased with distance, whereas their powers become significantly lower compared to the LOS component.
For the NLOS case, the capacity values are more important for 2 m, 3 m, and 5 m distances for all probability levels as illustrated in Fig. 14 . The multipath richness, which becomes more significant at these distances and the generally lesser correlation at NLOS, play an important role in capacity enhancement. Moreover, a maximum variation of 2 bps/Hz is observed when comparing the capacity' values at the different distances and snapshots. Additionally, an average capacity improvement of 8.5 bps/Hz is achieved for MIMO, compared to the corresponding SISO capacity of 6.6582 bps/Hz, as derived using an SNR value of 20 dB in Eq. (9) . It can be concluded that the multipath richness is a significant factor in capacity improvement. 
CONCLUSION
In this study, a 2 × 2 MIMO Off-body channel has been characterized in a mine gallery using monopole antennas. It was observed that the path-loss exponent is close to that of free space for LOS situations, and decreases at NLOS due to constructive multipath additions. When the transmitted power is fixed, the capacity decreases with the increase in distance due to the decrease in the average SNR. The NLOS capacity is lower than that of a corresponding LOS situation when the effect of the PL is taken into consideration. When the SNR is fixed, an improvement of about 8.5 bps/Hz is achieved through the use of MIMO compared to the SISO configurations, which proves the significance of the multipath richness in the channel capacity enhancement. Moreover, for a fixed SNR, the capacity generally increases at NLOS compared to the corresponding LOS capacity due to a lower correlation. In LOS cases, there is a tradeoff between the increase of the multipath richness and the decrease of the multipath powers; the capacity values reflect this tradeoff, with capacity peaks at the 1 m and 5 m distances. Comparing the results of the channel capacity using the two methodologies reveals the fact that the path loss has a greater effect on capacity than the multipath richness. In conclusion, MIMO topologies provided a remarkable improvement in terms of capacity, coherence bandwidth, and time delay spread compared to the SISO topologies.
Presently, there are several open research problems. First, the effect of directivity and polarization was not emphasized in this study. Hence a similar study, analyzing the effect of radio-wave polarization in off-body MIMO systems operating inside a mine, needs to be addressed in future work. The next open problem that future research work needs to consider is the exploration of other bands such as the UWB and the 60 GHz band, which would allow exploiting a considerably larger bandwidth. Different diversity schemes should be investigated as a way to combat fading and improve performance. Finally, there is a need to study correlation at both the transmitter and the receiver.
